Abstract: Heat-assisted magnetic recording (HAMR) is a future roadmap technology to overcome the superparamagnetic limit in high density magnetic recording. Existing HAMR schemes depend on a simultaneous magnetic stimulation and light-induced local heating of the information carrier. To achieve high-density recorded data, near-field plasmonic transducers have been proposed as light concentrators. Here we suggest and investigate in detail an alternative approach exploiting a far-field focusing device that can focus light into sub-50nm hot-spots in the magnetic recording layer using a laser source operating at 473nm. It is based on a recently introduced super-oscillatory flat lens improved with the use of solid immersion, giving an effective numerical aperture as high as 4.17. The proposed solution is robust and easy to integrate with the magnetic recording head thus offering a competitive advantage over plasmonic technology. Sci. Instrum. 71(8), 3111-3117 (2000). 5. X. Zhang and Z. W. Liu, "Superlenses to overcome the diffraction limit," Nat. Mater. 7(6), 435-441 (2008). 6. N. Fang, H. Lee, C. Sun, and X. Zhang, "Sub-diffraction-limited optical imaging with a silver superlens,"
Introduction
Magnetic hard disk drive (HDD) technology is essential to majority of modern computers. The areal recording density of HDDs already exceeds 500Gb/in 2 , but further increases in density are critical to keep up with storage demand. However, conventional perpendicular magnetic recording (PMR) is constrained by the superparamagnetic limit [1] : that is, as the bits become more closely spaced, the polarization state in one magnetic grain can change the direction of the magnetic moment in the neighbouring bits, thus making the stored information thermally unstable. Heat assisted magnetic recording (HAMR) is one of the leading technologies in development to beat this limit [2] . HAMR uses a magnetic medium with higher thermal stability but such a medium requires stronger magnetic fields for recording. These fields are higher than can be generated by existing thin-film recording transducers, so HAMR also needs an external laser source to locally heat the recording regions. This temporary increase in temperature reduces the magnetic resistance of the recording material allowing data writing using a lower magnetic field.
Although the magnetic grain in the recording medium for HAMR is generally small (typically less than 10nm) [2] , it is still necessary to use a small heat spot because a spot larger than the bit size will heat neighbouring bits and erase the stored information therein. Thus, an areal density of 1Tb/in 2 (the approximate limit of current PMR technology), requires a focal spot smaller than 50nm in diameter. Conventional optical systems cannot produce such a spot: Abbe's diffraction limit states that the spot size can be no smaller than about half the wavelength. In a previously reported proof-of-concept HAMR system, the researchers used a near-field plasmonic transducer to decrease the focal spot size [3] . Using the surface plasmon resonance at an infrared wavelength and resonant coupling between the transducer and recording medium, the local electric field was greatly enhanced. Thus far, a resolution of 70nm and an areal density of 375Tb/m 2 have been experimentally demonstrated [3] . The plasmonic transducer is a near-field technique which presents considerable manufacturing challenges, for example the transducer dimensions and separation from the substrate waveguide must be precisely controlled to ensure a high coupling efficiency. Tapered waveguides used in the near-field scanning optical microscopy have the capability to achieve a resolution of 100nm or better, but their applications are limited due to the dramatic attenuation of light transmitted through the subwavelength aperture: typical optical throughput is of the order of 10 −4 -10 −5 [4] . Other subwavelenth focusing methods based on near-field evanescent waves include the superlens [5] [6] [7] and nanoscale spherical lenses [8, 9] , but all these methods require the lens to be in the immediate proximity of object: typically within distances much less than the wavelength. On the other hand, it has already been experimentally demonstrated that far-field sub-diffraction-limit focusing can be achieved using super-oscillatory focusing [10] [11] [12] [13] [14] . In this paper, we apply super-oscillatory focusing to HAMR applications. In combination with solid immersion technology, which is commonly used for high-density optical storage [15] , a resolution of 50nm becomes readily achievable, better than can be achieved with a conventional lens and solid immersion.
Super-oscillation for super resolution focusing
The pivotal idea of super-oscillation is that a super-resolution hotspot can be formed beyond the optical near-field by the interference of propagating waves with low-spatial-frequency wavevectors ( 2 / ) k n π λ ≤ rather than high-spatial-frequency evanescent components
where n is the refractive index of surrounding medium. These optical superoscillations were proposed by Berry and Popescu in 2006 [16] and first seen in 2007 [17, 18] . Mathematically this is allowed because band-limited functions are able to oscillate much faster than the highest frequency Fourier components they contain. This allows us to form subwavelength spots far from any lens but the tradeoff is that some of the input energy goes into sidebands around the spot. Subsequently, it was experimentally shown by the Southampton research group that super-oscillation can be used to achieve optical superresolution focusing and imaging [10, 11, [19] [20] [21] . Recently, they demonstrated an optical microscope with resolution better than λ/6 using a binary super-oscillatory lens (SOL), a nanostructured mask composed of a set of concentric rings of different width and diameter that, through precise control of diffracted waves, produces a far-field subwavelength hotspot [12, 13] . A similar superoscillation based optical super-microscope has also been demonstrated to be capable of linear, far-field imaging beyond the diffraction limit [22] . To achieve a suitable spot for HAMR, we develop a new generation of solid immersion SOLs. The schematic configuration is illustrated in Fig. 1(a) . An incoming laser is focused by the binary SOL into a high refractive index solid immersion layer to form a deep subwavelength focal spot with a long depth of focus (DOF). This optical needle passes through the solid immersion layer/air interface and locally heats the magnetic disk.
Here we use an "optical needle super-oscillatory lens" (ONSOL) which has an opaque central region and a structured outer region. Such binary ONSOL can easily be manufactured by focused ion-beam milling of metal films deposited on a glass substrate [12, 13] . This type of lens increases the thickness tolerance of the solid immersion film but, more importantly, the sidebands can be moved tens of wavelengths away from the central hotspot so that they can be eliminated by use of an opaque aperture as shown in Fig. 1(a) or high absorption thinfilm material. In comparison with our previous works in [12] and [13] , HAMR applications concern the absolute size of the hot-spot which determines the feasible areal recording density. The introduction of an additional solid immersion layer and a short-wavelength laser is really helpful to further decrease the spot size. As a demonstration, we numerically study the performance of ONSOLs with silicon dioxide (SiO 2 ) and gallium phosphide (GaP) immersion layers to show that the solid immersion medium assisted ONSOL is capable of producing a spot suitable for use in HAMR. We also compare focusing in air and immersion media. The SOL binary designs for air, SiO 2 and GaP are given in Figs. 1(b)-1(d) respectively, where '1' represents transparent ring and '0' represents opaque region. Throughout the paper, the laser wavelength is chosen to be 473nm, where diode lasers are commercially available. The incident beam is assumed to be circularly polarized to avoid unwanted polarization effects [23] : when tightly focused with a cylindrically symmetric ONSOL, a linearly polarized beam has differing focusing performance parallel and perpendicular to its polarization direction, giving rise to an elliptical focal spot; a circularly polarized beam, on the other hand, always produces round focal spots. To accurately model a circularly polarized beam, we use the vectorial angular spectrum method, which is able to calculate the three-dimensional diffracted field from an arbitrary transmission mask with arbitrarily polarized illumination [24, 25] . This method works well even in the nonparaxial approximation and has been shown to give comparable results to the rigorous Rayleigh-Sommerfeld diffraction integral method [26] [27] [28] .
The design of the binary mask is based on the binary particle swarm optimization algorithm [29] , following the procedure described in [13] . This is a computational method that optimizes a problem with regard to a given merit function using a population of 'particles' (in this case, mask designs) which move in the N-dimensional search space. The radial coordinate is divided into N = 100 concentric annuli, each of which has either unit or zero transmittance; the algorithm finds the best arrangement of opaque and transparent annuli.
The total mask radius is r max = 20μm and the smallest ring width is ∆r = 200nm. The target function is defined as 10 2 We optimized the SOL for use in air with a central focal position and DOF of z f = 8μm and 5λ respectively. These parameters are chosen in order to comply with the 6µm central opaque region, ensuring a sub-diffraction-limit spot size and reasonable energy concentration in the mainlobe. The optimized design is shown in Fig. 1(b) , and the intensity distribution of the resulting needle is shown in Fig. 2(a) . The FWHM of the focal spot is shown in Fig. 2(b) as a function of propagation distance and is found to be smaller than 0.45λ within the target DOF (propagation distance from 6.8μm to 9.2μm, ~5λ). At z f = 8μm, the FWHM is 0.42λ which is beyond the diffraction limit in air ( max ( / 2 sin( ) 0.54 , n λ θ λ ≈ shown as red dotted line in Fig.  2(b) ). Here, θ max is the maximal focal angle determined by the mask aperture and focal length through the relation
Solid immersion super-oscillatory optical needle
For SiO 2 (n SiO2 = 1.55061 at λ = 473nm), using the mask in Fig. 1(c) , it is obvious that the optical needle becomes sharper while keeping a long DOF along the axial direction [ Fig. 2(d) ]. In Fig. 2(e) it is shown that, the FWHM is only 128nm (0.27λ) at z f = 8μm, breaking the diffraction limit in SiO 2 (~0.35λ). The total electric field intensity distributions across the mask diameter in air and SiO 2 at z f = 8μm are depicted in Figs. 2(c) and 2(f) respectively. From these two figures, the FOVs in air and SiO 2 are estimated to be 15.6μm and 13.5μm respectively, which are approximately 33 and 28 times the free space wavelength. Correspondingly, the optical power within the FOVs is 14.4% and 13.7% of the overall transmitted optical power in the two cases, while the peak electric field intensity in the main lobe is still much larger than that of the sidebands.
The focal spot size can be compressed further by using a higher refractive index solid immersion medium such as GaP, which has been used in traditional solid immersion microscopy [30] . Since most of the materials with refractive index larger than 3 at blue wavelengths have large absorption, we must take loss in the medium into account. In this work, the complex refractive index of GaP is taken from [31] to be n GaP = 3.72 + 0.01i at our chosen wavelength (λ = 473nm), showing a relatively high real part of refractive index and a reasonable imaginary part.
In Fig. 2(g) , we show the electric field intensity pattern formed by the ONSOL in the GaP layer. The central focal position and DOF are chosen to be smaller (z f = 5μm and 4λ respectively) in order to mitigate the absorption loss and achieve a better focusing performance. An optical needle with FWHM of 57nm (~0.12λ or 0.45λ eff ) is formed near the focal position [ Fig. 2(h) ] using the mask shown in Fig. 1(d) . From the profile of electric field intensity distribution along the mask diameter [ Fig. 2(i) ], the FOV is seen to be 13.3μm, approximately the same as in air and SiO 2 . That is to say, the central focal spot is separated from the nearest intense sideband by more than 13 μm, allowing the use of opaque aperture or absorbing material to prevent the sidebands hitting the magnetic medium. However, it is noted that the sidebands become more intense in GaP with a peak intensity that is 64% of the main lobe. As a result, the optical power within the FOVs is decreased to 1.8% of the overall optical power in the observation plane at z f = 5μm. It should also be noted that, in this case, smaller focal spots can be found at shorter focal lengths, for example the FWHMs at two other foci at z = 3.24μm and z = 2.66μm are 52nm and 50nm respectively.
To prove the generated focal spots are indeed super-oscillatory, we simulated the local wavevector ( local k , phase gradient) distributions near the mainlobes in the three cases. The results are presented in Fig. 3 . It is clearly seen that the local wavevectors at the minima in the super-oscillation region be can be much larger than maximum wavevector ( max 0 k nk = ) in the corresponding media. At the first minimum adjacent to the mainlobe, local k are about 21, 18 and 8 times max k for the SOL design in air, SiO 2 and GaP respectively, undoubtedly revealing that the phase oscillates rapidly near the intensity minimum. Therefore, the hot-spot is being squeezed in the super-oscillatory region into a spot smaller than the conventional diffraction limit.
We have shown that super-oscillations can be used to generate super-resolution focal spots with designed axial position, DOF and FWHM, and that high refractive-index immersion media help to reduce the size of focal spot. It is noted that in all cases, the achieved spot size is around 0.42λ eff , where / n λ λ = eff is the effective wavelength in a material with refractive index of n. The central block is essential to guarantee a reasonable sidelobe-to-mainlobe separation, but in the same time, less electromagnetic energy emanating from the perforated ring-slits will contribute to the mainlobe at fixed binary mask size. In practice, larger overall mask size with a bigger central block may help to channel more energy in to the mainlobe that is necessary for HAMR operation. The effect of increasing block size for a given overall mask size has been studied in [12] . In this work, 6μm block radius is a satisfactory choice in terms of FOV, optical needle length and width, and energy content. The super-resolution focusing capability of the SOL mask can be characterized in terms of the effective numerical aperture NA eff . A conventional objective lens can focus the plane wave into a spot with lateral FWHM of λ/(2NA) where NA is the numerical aperture of the objective lens. For our SOL, therefore, we define / (2 )
Using an oilimmersion lens it is possible to achieve an NA~1.4, while the possible numerical aperture of a conventional solid immersion lens (SIL) can be as high as 2.0, where the exact value is dependent on the high-refractive-index materials used. However, a SIL does have some drawbacks: a) the numerical aperture is limited by the refractive index of the materials [30] ; b) it is required to pre-focus the beam onto the SIL using an additional high objective lens; c) both the hemisphere and Weierstrass sphere [32] commonly used for SILs are threedimensional structures which are not easy manufacture. It is also difficult to precisely control the sphericity of the SIL which causes aberrations and limits its focusing performance. In comparison, SOL is not limited in the same way and the obtainable NA eff in air, SiO 2 and GaP reported above is 1.19, 1.85 and 4.17 respectively. In addition, the intrinsically flat design of SOL is much easier to integrate with the writing/reading heads for HAMR applications.
It shall be noted that although binary mask are easy to be fabricated and integrated into the HARM head, continuous amplitude and phase masks could achieve even smaller hot-spots. In principle such masks can be generated using liquid crystal spatial light modulators [33, 34] and stepper lens system [35] . Naturally, the simplest way to get the super-oscillatory hot-spot is to let its constituent electromagnetic fields propagate backward to a plane and to construct the required field distribution by an appropriate continuous amplitude and phase mask. However, it is limited by the manufacturing of super-oscillatory masks with continuously variable phase retardation and optical density. Spatial light modulator can realize both amplitude and phase control, but is still limited by its relatively large pixilation at the level of about 10µm and surface roughness. Therefore, binary mask technology remains the best practical solution [20] . Moreover, it has recently been demonstrated that gradient planar metamaterial arrays can also focus beyond the diffraction limit [11] . On the other hand, reduction of the main lobe spot size is always accompanied by a decrease in the throughput efficiency of the SOL with increasing sideband intensity, which is the intrinsic nature of super-oscillation.
Coupling out of solid immersion layer
In a realistic HAMR system, there is always a narrow air gap between the writing head and recording medium to avoid damaging either the head or the medium as the disc rotates [2] . Therefore, we need to understand the performance of optical needle at the solid immersion medium/air interface, and show if the super-oscillatory hot-spot diverges significantly before it reaches the magnetic medium. To do this, we calculate the diffracted field in the plane just before the interface using vectorial diffraction theory (as above), we then take the FFT to get the angular spectrum and apply the Fresnel transmission coefficients for the s-and ppolarized components in Fourier space. An inverse FFT eventually gives the transmitted field. We note here that the conventional Fresnel coefficients are derived for lossless medium and do not hold for lossy materials. Here we use the corrected equations derived for lossy media [36] . The performance of super-oscillatory optical needle from Fig. 2(d) after the SiO 2 /air interface at z f = 8μm is shown in Fig. 4 (top row) . A detailed analysis of the axial electric field intensity [ Fig. 4(b) ] indicates that the 1/e intensity penetration depth in air is 46.5nm. The FWHM increases from 122nm to 164nm over a propagation distance of 200nm, but remains smaller than 127nm within the penetration depth. This spot size is still well below the diffraction limit in SiO 2 (~166nm). Similarly, the electric field intensity and axial intensity/spot size plots are given in Figs. 4(c) and 4(d) respectively after the GaP/air interface. The penetration depth is evaluated to be 12nm, within which the FWHM keeps almost invariant at 55nm. As might be intuitively expected, the higher the refractive index of the solid immersion medium, the smaller the penetration depth. Although the penetration depth of 12nm seems to be small, the proof-of-concept HAMR system reported in [3] had a physical air gap between the bottom of carbon overcoat of the recording head and the top of the lubricant on the magnetic disk of only ~2nm.
For practical HAMR application, the dielectric properties of the magnetic disk must be considered for accurate calculation of the area of disc heated by the spot. For this purpose, we have studied the optical properties of commercial hard disk drive platter using ellipsometry method. At wavelength of 473nm, its complex refractive index is found to be 4.71 + 0.455i. Using this data and SOL design in Fig. 1(d) , we have calculated the electric field intensity distributions in the recording layer where 10nm air gap was assumed between the Gap layer and magnetic disk surface. Through detailed analysis, the achievable spot size in the magnetic recording layer is evaluated to be ~62nm within the penetration depth of 60nm, inferred from the total electric field intensity distribution and line-scan profile shown in Figs. 4(e) and 4(f) respectively. This spot size is comparable with that reported in [3] , which seems to be the most promising HAMR technology in industry at present. As studied by Berry in [16] , the super-oscillatory fields are able to propagate into the farfield without evanescent components. This is true in the solid-immersion medium where only propagating mode contributes to the super-oscillatory spot. However after the GaP/air interface, only the near-field wavevectors remain due to discontinuity in the refractive index. Here the GaP/air interface acts as a spatial frequency filter to change the band limited wavevector range from [
k ] when the light propagates into the far-field in the air side, where 0 k is the wavevector of light in air and n is the real part of refractive index of GaP. The diffraction fields from the binary mask with larger incident angle than the critical angle (~15.6°) will totally disappear after a certain distance. In order to precisely elaborate that the super-oscillatory focal spots after the GaP/air interface are originating from the evanescent components, we have calculated the Fourier components of the transmitted fields both in the near-field region (10nm after the interface) and far-field region (1µm after the interface). The results are given in Figs. 5(a) and 5(b) respectively. It is obviously seen that the wavevector larger than 0 k was cut off in the far-field angular spectra, while remained in the near-field region (only the positive spectra are shown here due to symmetry). By subtraction of the angular spectrum components in Fig. 5(b) from Fig. 5(a) , we can infer the contribution from the evanescent components, as shown in Fig. 5(c) . Therefore, we can conclude that the super-oscillatory focal spots are indeed coming from the evanescent modes and the overall electric field after the interface will exponentially decay.
Conclusions
In summary, we have demonstrated a solid-immersion super-oscillatory lens for heat-assisted magnetic recording capable of producing a sub-50nm hot-spots using a diode laser with wavelength of λ = 473 nm and effective numerical aperture of 4.17. The super-oscillatory mask is optimized using a binary particle swarm optimization algorithm and the diffracted fields are calculated using the vectorial angular spectrum method. Super-resolved optical needles with depth of focus of several wavelengths were successfully generated in air, and SiO 2 and GaP immersion layers delivering hot-spots of 0.42λ, 0.27λ and 0.12λ respectively, corresponding to an effective numerical aperture of 1.19, 1.85 and 4.17. By using an SOL with an opaque central region, the field of view is increased to ~13µm, leading to practical HAMR applications. The coupling of super-oscillatory optical needle out of the solid immersion medium and into the magnetic recording layer is studied, while the intensity on the air side is shown to be exponentially decaying, the sub-diffraction limit spot size is maintained.
